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Abstract 
This paper describes an investigation into the effects of fluid bulk modulus and traction 
coefficient properties on piston pump flow losses and radial pison motor torque losses 
through experimentation, modelling and simulation.  Synthetic ester, high bulk modulus, 
multi-grade, and single grade mineral oils were evaluated. The high bulk modulus fluid 
exhibited 20% lower pump case and compensator flow losses than a conventional 
mineral oil of the same viscosity grade.  Low traction coefficient fluids reduced the low-
speed torque losses of the radial piston motor by 50%.  Physical models for pump case 
flow and motor torque losses were derived from the experimental data.  Field data was 
collected from a hydraulically propelled agricultural machine.  This data was used to 
model fluid performance in the machine. The simulation results predict that at an 
operating temperature of 80⁰C, optimizing the bulk modulus and traction coefficients of 
the fluid could reduce flow losses by 18% and torque losses by 5%. These findings 
demonstrate the potential of combining comprehensive fluid analysis with modeling and 
simulation to optimize fluids for the efficient transmission of power. 
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1. Introduction 
The flow produced by positive displacement pumps drives hydraulic motors and actuates 
cylinders in fluid power systems. Pump flow also supports control and feedback functions 
in pressure compensators and pilot operated valves. The efficiency of fluid power 
transmission is affected by flow losses. Flow losses generate heat and can reduce the 
amount of energy available to do work.  Propulsion in mobile fluid power applications is 
frequently supplied by hydraulic motors.  The frictional losses that occur in motors 
generate heat and reduce the torque available to move the payload.  Highly sophisticated 
and accurate modeling and simulation tools have been developed by various 
researchers to investigate mechanical design factors that affect pump and motor 
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efficiency. In those studies, conventional mineral oil based hydraulic fluids were 
employed to limit the number of experimental variables. In this paper, conventional and 
synthetic hydraulic fluid formulations were examined through experimentation, modeling 
and simulation.   
Previously reported steady-state models for case drain leakage flow and hydraulic motor 
torque losses were employed in this study.  The pump case drain and compensator 
leakage flow model was an adaptation of Joeng’s flow loss model /1/ as described in /2/.  
The model incorporated viscosity (μ), density (ρ), and bulk modulus (K) as well as 
rotational frequency (ω), differential pressure (ΔP) and derived displacement (VE) as 
shown in Eqn. 1.  The coefficients (CP, CT, CK CV, CO) were derived from experimental 
data via linear regression. 
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The torque efficiency model was an adaptation of the Michaelis-Menten surface 
adsorption theory as described in /3/. The model incorporated rotational frequency, fluid 
viscosity, and motor differential pressure as shown in Eqn. 2.  The boundary lubrication 
coefficient (CBL), viscous drag coefficient (CSH) and torque to rotate constants (CTTR) were 
derived via non-linear regression.  
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Hydraulic motor torque losses (TL) were estimated from the mechanical efficiency model 
and the theoretical torque of the motor (To) using Eqn. 3. 
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The duty cycle of an agricultural machine that was propelled by four radial piston motors 
was obtained for the purpose of mapping the above models to an actual hydraulic 
application.  Histograms of the operating pressures, speeds and displacements of the 
machine were created using a procedure similar to the one described in /4/.  The resulting 
histograms were used to create a time-weighted simulations for the flow and torque 
losses of the test fluids. The simulations were used to assess the potential benefit of 
optimizing fluid bulk modulus and traction coefficient properties for an agricultural specific 
duty cycle where the machine primarily operates under constant speed conditions.  
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2. Methods and Materials 
2.1. Hydraulic Dynamometer 
Pump case drain flow and radial piston motor torque losses were evaluated in the 
hydraulic circuit shown in Figure 1.  The circuit incorporated a Danfoss Series 45 open-
loop variable-displacement axial piston pump.  The pump inlet temperature was 
controlled to 50 or 80ͼC (±1ͼ). The pump angular velocity was adjusted to 800, 1200 or 
1800 rpm.  Pump displacement was controlled by a Parker Denison 4VP01 proportional 
electrohydraulic valve that adjusted the swash plate angle to maintain a desired pump 
outlet pressure of 7, 10, 14, 17, 21, 24 or 27.5 MPa.  The pump supplied power to a 
Poclain MS02 radial piston motor to yield rotational frequencies ranging from 1 to 200 
rpm /5/. Pump data was collected using a modified ISO 4409 procedure /6/. The 
combined pump case drain and pressure compensator outlet flow rates were measured 
using a Max Machine G105 Series Gear Flow Meter.  Motor data was collected using a 
modified ISO 4392-1 procedure /7/.  Motor torque was measured using an HBM T30 
transducer.  The resulting data was used to derive coefficients for equations 1 and 2. 
 
Figure 1: Simplified Circuit Schematic 
2.2. Test Fluids 
The five ISO 46 viscosity grade hydraulic fluids listed in Table 1 were evaluated in this 
investigation. HM46 was a straight-grade Group I mineral oil based hydraulic fluid 
formulated with a commercial ashless antiwear additive package. HV46 was a multi-
grade Group III mineral oil based hydraulic fluid that contained a commercial ashless 
antiwear additive package and a shear-stable polymethacrylate viscosity index improver. 
HEES46 was a Group V synthetic ester based hydraulic fluid formulated with a 
commercial ashless antiwear additive package.  HBMO46 was a Group V phenyl ester 
based High Bulk Modulus Oil. HBMO46+FM was the Group V phenyl ester plus a friction 
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modifier. The HBMO fluid exhibits a high bulk modulus because phenyl groups pack 
densely and have a low free volume /8/. In addition, ring structures increase the rotational 
energy barrier between carbon bonds within the molecule. A higher rotational energy 
results in a stiffer molecule. Molecular rigidity also affects the shear force transferred 
across a fluid film. This shear force is known as traction, which is the ratio of traction 
force to normal load. Base stocks that have a high bulk modulus tend to have a high 
traction coefficient /9/. Low traction is preferable in fluid power applications /3,10/. The 
HBMO fluid evaluated in this investigation is formulated with a polycyclic compound that 
incorporates ester function groups for reduced traction /11/.  
2.3. Viscosity Stability 
The kinematic viscosity was determined at 40ͼ and 100ͼC before and after the ASTM 
D5621 40-minute sonic shear test. This method was found to correlate with pump case 
drain flow and motor torque losses in earlier investigations /2,3/.  All of the fluids exhibited 
a high-degree of shear stability with a viscosity loss of less than 6%. 
Fluid HM46 HV46 HEES46 HBMO46 HBMO46+FM 









Viscosity index 104 197 192 122 Same 
KV 40°C, cSt  new 
D445  46.5 50.5 51.1 45.2 Same 
KV 100°C, cSt new 
D445  6.90 10.24 10.12 7.27 Same 
KV 40°C, cSt  
sheared D5621 46.1 48.1 49.0  42.1 Same 
KV 100°C, cSt 
sheared D5621 6.83 9.64 9.67  6.94 Same 
Density g/cc @ 15C 0.8772 0.8524 0.9192 1.140 Same 
Coefficient of thermal 
expansion, /°C 0.000687 0.000728 0.0007307 0.000754  Same 
Traction coeff. @ 
50N, 20mm/s, 50°C 0.0721 0.0616 0.0482 0.0606 0.0478 
Bulk modulus at 80C 
and 250 bar, /GPa 1.386 1.336 1.457 1.917 Same 
Table 1: Test fluid properties 
2.4. Traction Measurements 
Traction curves were generated using a PCS Instruments Mini-Traction Machine (MTM). 
The MTM is a ball-on-disc tribometer. In the MTM, the ball is loaded against the face of 
the disc and the ball and disc are driven independently to create a mixed rolling/sliding 
contact. In this series of tests the applied load was 50N, the slide-to-roll ratio was 20%, 
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and tests were conducted at 50, 80 and 125°C. As shown in Figure 2, the HEES46 and 
HBMO+FM formulations exhibit low traction coefficients at low entrainment velocities. 
 
Figure 2: MTM Traction coefficients of test fluids at 50ͼC 
2.5. Bulk Modulus 
The pressure-dependence of volume was determined at 20, 50 and 80ͼC at pressures 
up to 300 MPa from the change in length of a metal bellows housed within a pressure 
vessel as described in /12/. Relative volume calibrations were performed using the NIST 
certified density for water. These measurements were used to determine pressure and 
temperature rate of change parameters for use in the Tait equation in order to determine 
the bulk modulus of the fluid at operating conditions /2/.  As shown in Figure 3, the bulk 
modulus of the HBMO fluid at 25 MPa was approximately 25% higher than that of the 
other fluids. 
 
Figure 3: Bulk modulus of test fluids at 25 Mpa 
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3. Results and Discussion 
3.1. Pump Case Flow 
Steady state performance tests were conducted as described above to yield 
approximately 400 data points per fluid. The combined pump case drain and remote 
pressure compensator flow rates were measured and 95% confidence intervals for the 
mean flow rates were determined. The HM46 oil served as a reference fluid for this study 
and was evaluated at the start, middle and end of the test sequence.  As shown in Figure 
4, the mean case flow rates for the HBMO and HBMO46+FM fluids were approximately 
20% less than those of the HM46 baseline. The mean case flow rates for both of the 
HBMO blends were also less than that of the HEES46 and HV46 fluids.  These findings 
were somewhat surprizing since the HBMO fluids had a lower viscosity than the HEES46 
and HV46 as shown in Table 1. Step-wise linear regression of Eqn. 1 was used to 
investigate the correlation between fluid properties and leakage flow /2/.  As shown in 
Table 2, when a single parameter was considered, bulk modulus yielded a higher 
correlation (R2) and lower standard error than viscosity or density.   
 
Figure 4: Mean axial piston pump case drain and compensator flow rates 
 
Parameters μ ρ K R2 Std. Error  
l/min 
Viscosity √   61.9 2.72 
Density  √  65.2 2.60 
Bulk modulus   √ 74.4 2.23 
Viscosity and bulk modulus √  √ 85.9 1.66 
Viscosity, density, and bulk modulus √ √ √ 87.1 1.58 
Table 2: Correlation of fluid properties with pump case and compensator flow rates 
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3.2. Motor Torque Loss 
Steady state efficeincy tests were conducted on the radial piston motor at rotational 
frequencies ranging from 1 to 200 rpm. Two temperatures, three pump speeds, seven 
motor differential pressures, and ten motor speeds were evaluated to yield approximately 
400 data points per fluid. Torque losses were determined by subtracting the measured 
torque output of the motor from the theoretical torque value. Torque losses in motors are 
affected by variations in friction that occur as operating conditions transition through 
boundary, mixed-film and hydrodynamic regimes. At low speeds, boundary and mixed-
film friction affect torque losses because the entrainment velocities are insufficient to 
support full-film lubrication.  At high speeds, the formation of a hydrodynamic lubricating 
film prevents surface contact, however viscous drag and pumping losses have a parasitic 
effect.  As shown in Figure 5, there were significant differences in the torque losses of 
the fluids at low speeds. At high speeds the differences in the torque losses were less 
pronounced.  At 1 RPM, the torque losses of the HEES46 and HBMO46+FM fluids were 
50% less than those of the HM46.   HEES46 and HBMO46+FM also had a low traction 
coefficient in the MTM test as shown in figure 2.  
  
Figure 5: Mean radial piston motor torque losses at 50 and 80ͼC 
Fluids that exhibit low traction coefficients enable hydraulic motors to transition from 
boundary into the hydrodynamic lubrication regime at lower speeds, thereby reducing 
low speed torque losses /3/.  Non-linear regression was used to determine the 
coefficients for Eqn. 2 listed in Table 3. These values were used to estimate motor torque 
losses in the machine simulation. 
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 Fluid CBL(10-11) CSH CTTR MSE 
HM46 1.35 267000 0.024 0.00291 
HV46 1.40 238000 0.024 0.00219 
HEES46 0.75 221000 0.024 0.00112 
HBMO 1.39 257000 0.024 0.00246 
HBMO+FM 0.60 261000 0.024 0.00107 
Table 3: Coefficients for radial piston motor mechanical efficeincy model 
3.3. Machine Simulation 
The operating conditions within a hydraulic machine (pressure, temperature, and the 
rotational frequency of pumps and motors) can significantly affect the viscosity of 
hydraulic fluids. Typically, viscosity increases with pressure, decreases with temperature 
and decreases with shear rate. Therefore, there is a complex interrelationship between 
the effect of component operating conditions on viscosity and the effect of viscosity on 
component performance.  In order to investigate this relationship, speed, pressure and 
load data from a hydraulically propelled agricultural machine was collected as it 
repeatedly traversed the length of a field. Histograms of the operating conditions were 
constructed from 508 different combinations of speed, temperature and motor 
displacement.  As shown in Figure 6, the machine operated much of the time at 60 and 
140 RPM and an operating pressure of 10 to 15 MPa. 
 
Figure 6: Contour plot of motor speed and system pressure in an agricultural machine 
A MATLAB program was developed to simulate pump case flow and motor torque losses 
for the 508 combinations of hydraulic motor speed, pressure and displacement from the 
machine field study. The program outputs the case flow and torque losses for each 
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combination of pump pressure and motor speed based upon inputs of the fluid properties 
and equations 1, 2 and 3. In addition to calculating the losses at specific conditions, the 
results are time-weighted based upon the duty cycle data. Comparisons of the simulated 
pump case flow and motor torque losses are shown in Tables 4 and 5.  These simulation 
indicate that at an operating temperature of 80⁰C, optimizing the bulk modulus properties 
of the fluid could reduce pump case flow losses by 18%.  
Temp (°C) HM46  HV46 HEES46 HBMO46 HBMO+FM 
50 -1.3 0 -5.8 -17.3 -17.3 
80 0 -2.5 -9.1 -18.0 -18.0 
100 0 -5.8 -12.7 -19.4 -19.4 
Table 4: Simulated pump case flow losses for agricultural duty cycle 
At an operating temperature of 80⁰C, optimizing the traction coefficient properties of the 
fluid could reduce motor torque losses by less than 5%.  This is because an agricultural 
machine traversing a field operates at relatively high speed most of the time and only 
slows down when it turns to reverse direction.  
Temp (°C) HM46  HV46 HEES46 HBMO46 HBMO+FM 
50 -2.3 -2.8 -4.7 0.0 -1.3 
80 0 -0.6 -4.6 -0.3 -4.8 
100 0 -2.4 -8.7 -2.3 -9.2 
Table 5: Simulated motor torque losses for agricultural duty cycle 
 
4. Conclusions 
This study presents an investigation of the effects of fluid properties on axial piston pump 
case drain and radial piston motor torque losses through experimentation, modelling and 
simulation.  Hydraulic fluids that utilized synthetic and conventional base stocks were 
evaluated.  The subject fluids were all ISO VG 46 but varied in viscosity index, density, 
and bulk modulus.  A prototype high bulk modulus fluid exhibited 20% lower pump case 
flow losses than a conventional mineral oil.  Prototype fluids with low traction coefficients 
exhibited 50% lower motor torque losses at low speeds.  Models derived from test data 
were used to simulate fluid performance in a hydraulically propelled agricultural machine.  
The simulation predicts that at an operating temperature of 80⁰C, fluid optimization could 
reduce flow losses by 18% and torque losses by less than 5%. These findings 
demonstrate the potential of combining comprehensive fluid analysis with modelling and 
simulation to optimize fluids for the efficient transmission of power. 
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7. Nomenclature 
CXX Regression coefficient dimensionless 
FM Friction Modifier  
HBMO Hydraulic fluid, synthetic high bulk modulus  
HEES Hydraulic fluid, synthetic ester base, environmentally 
acceptable type 
 
HM Hydraulic fluid, mineral oil base, rust and oxidation 
inhibited with improved antiwear performance 
 
HV Hydraulic fluid, mineral oil base, antiwear type with 
improved viscosity/temperature properties 
 
K Bulk modulus GPa 
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MSE Mean square error dimensionless 
ƞhm Mechanical efficiency dimensionless 
QL Flow loss litres per minute 
T0 Torque theoretical Nm 
TL Torque loss Nm 
VE Pump displacement (effective) cc/revolution 
ΔP Differential pressure Pascal 
μ Viscosity Pascal seconds 
ρ Density g/cm3 
ω Rotational frequency radians per second 
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